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Abstract: We studied charge transport phenomena through a core substituted naphthalenediimide (NDI) single-molecule 
junctions using the electrochemical STM-based break junction technique in combination with DFT calculations. The 
conductance switch among three well-defined states is acquired by electrochemically controlling the redox state of the pendent 
diimide unit of the molecule in ionic liquid, and the conductance difference is more than one order of magnitude between di-
anion states and neutral state. The potential dependent charge transport characteristics of the NDI molecules are confirmed by 
DFT calculations accounting for electrochemical double-layer effects on the conductance of the NDI junctions. This work 
suggests that the integration of redox unit in the pendent position with strong coupling to molecular backbone can significantly 
tune the charge transport of the single-molecule device by controlling different redox states. 
Functional molecules with bi-/multi-stable states have intensively been studied[1] because they are potentially interesting 
building blocks for molecular-level electronics[2] and ultra-high density storage devices.[3] Various switchable molecules 
were fabricated by incorporating photochromic or redox-active moieties within the molecular charge transport pathway, 
e. g., tetrathiafulvalene (TTF),[4] benzodifuran (BDF),[5] anthraquinone (AQ),[6] and ferronce (Fc).[7] In these studies, 
functional unit was involved in the charge transport pathway, which is expected to provide more significant tuning of 
single-molecule conductance. On the other hand, single-molecule devices with a pendant functional unit (Figure 1a), 
which is not directly involved in the charge transport pathway, are also of great interest because it offers much more 
flexibility for molecular design and synthesis, and therefore, finer tuning of the charge transport through the single 
molecule device.  
Naphthalene diimide (NDI) have attracted much attention in organic electronics[8] and supramolecular chemistry[9] 
community acting as an electron acceptor with n-type semiconductor characteristics. More interestingly, substitution on 
the naphthalene core provides the opportunity to study charge transport through the naphthalene unit (marked as gray 
in Figure 1b) while diimide unit (marked as green in Figure 1b) served as pendant functional unit with strong coupling to 
the naphthalene backbone and response to external stimulus for instance, applied electrochemical gating. Varying 
applied potential to the NDI molecules, a sequence of two sequential electron transfer reactions transforms the neutral 
species (NDI-N) into the corresponding radical-anion (NDI-R), and finally into the di-anion species (NDI-D). Therefore 
this core substituted NDI molecule can be considered as a prototypical molecular junction to evaluate the effect of 
pendent redox groups on the single-molecule conductance. 
In this communication, we report an electrochemically controlled STM-based break junction study[6] of a NDI-BT 
molecule with pendent diimide redox unit strongly coupled to the molecular backbone. We demonstrate that these 
reversible redox-transitions in the pendant diimide unit indeed cause pronounced changes in the charge transport 
through the single molecular NDI-BT junction. To get better understanding of the microscopic mechanism of the 
 
 
 
 
electrochemical gating, we employed density functional theory (DFT) to model the charge double layer in the molecular 
junction comprised of the ions in the supporting electrolyte and computed electrical conductance with non-equilibrium 
Green’s function (NEGF) method as a function of the NDI-BT redox-states. 
 
 
Figure 1. (a) Schematic illustration of single-molecule device with central redox unit in the charge transport pathway and pendant redox unit (b) 
Schematic illustration of electrochemically gated break junction experiment and molecular structure of NDI-BT in neutral state (NDI-N), radical 
anion state (NDI-R) and di-anion state (NDI-D).  
The design of NDI-BT is based on the following considerations: i) NDI can be reversibly transformed into the respective 
radical anion and di-anion. Moreover, the NDI reduction potentials can be fine-tuned by chemical modification at its bay-
positions; ii) the presence of adihydrobenzo[b]thiophene anchor group enables NDI-BT to be contacted to source-drain 
electrodes (Figure 1b);[10] iii) the presence of triple carbon-carbon bonds introduces a certain rigidity into the NDI-BT 
(detailed information on the synthesis and chemical characterization of the NDI-BT is provided in SI). In order to 
demonstrate the three-accessible redox states of the molecule, UV-Vis absorption spectra of NDI-BT were measured 
before and after addition of various amounts of hydrazine (reducing reagent). These three significantly different UV-Vis 
absorption spectra (See Figure S2) indeed prove the existence of three stable NDI-BT redox-states with distinguishable 
energy gaps.  
The NDI-BT assembly was prepared on a Au(111) substrate by drop-casting of 30 µL of 0.5 mM NDI-BT in THF. As the 
complete reduction of the NDI-BT to the respective di-anion requires rather negative potentials, all cyclic voltammetry 
(CV) and STMBJ measurements were carried out in HMlmPF6 as supporting electrolyte in an oxygen-free environment. 
Compared to the electrochemical response of the bare Au(111)/HMlmPF6 interface (grey curve in Figure 2a), two pairs 
of reversible redox-peaks appear in the voltammogram when the NDI-BT layer is present (black curve in Figure 2a). 
The first redox peak is located around -0.85V vs Fc/Fc+ and is attributed to the NDI-N/NDI-R redox process. The 
second redox peak is observed around -1.15V vs Fc/Fc+ corresponds to the redox process of NDI-R to the NDI-D 
states. The voltammogram peaks are in good agreement with the measured CVs in CH2Cl2 (see Figure S3). 
 Figure 2. Figure Caption. Figure 2 (a) CVs of NDI-BT immobilized on 
the Au(111) electrode (black curve) and bare Au(111) (gray curve) in HMlmPF6. The scan rate was 50 mV s-1. (b) Typical conductance-distance 
traces at different potential black: NDI-N at -0.2 V, blue: NDI-R at -1.05 V, red: NDI-D -1.5 V versus Fc/Fc+ (c) conductance histogram 
constructed from 1000 individual traces sampled at different potential, # presents an artifact caused by the switching between different current 
measured range of the linear amplifier (d) 2D conductance-distance histogram of NDI-N, *presents the current measurement noise level during 
the electrochemical-STM BJ measurement. 
The charge transport properties of the single NDI-BT molecule was studied by STM-BJ measurements at room 
temperature. For further technical details we refer to our previous work.[11] Figure 2b displays representative 
conductance (G) versus distance (Δz) traces measured at three different electrode potentials corresponding to 
NDI-N (black), NDI-R(blue), and NDI-D(red). After the contact formation between the Au tip and the Au substrate, 
 
 
 
 
the tip was withdrawn at a rate of 87 nm s-1. All curves show an initial conductance feature at G0 with G0 = 2e2/h 
= 77.5 μS corresponding to the single gold-gold conductance[12]. Subsequently, the conductance abruptly 
decreases (“jump out of contact”[13]) by several orders of magnitude. The plateaus observed in the range form ~ 
10-3 G0 to 10-4 G0 are assigned to the conductance features of the single molecular NDI-junctions. These strongly 
depend on the applied electrode (gate) potential. 
To provide a more quantitative comparison among the conductance values of all three redox/conductance states, 
1000 individual conductance traces were sampled for each potential. In order to extract statistically significant 
results these data were plotted in point histograms without any data selection. It is found that the conductance 
increased from 10-4 G0 to 10-3.3 G0 when the potential was swept from -0.2 V (NDI-N state) to -1.05 V vs (Fc/Fc+ 
NDI-R state). Moreover, NDI-D sampled at -1.5 V vs. Fc/Fc+ provided an even higher conductance of ~10-3.0 G0. 
The ON/OFF ratio from the NDI-N state to NDI-D state is of the conductance difference of around an order of 
magnitude, which is slightly larger than the previous studies on benzodifuran (BDF) and multiple states TTF 
switches,[4] and comparable with our recent single-molecule switch using an anthraquinone redox unit.[6]  
Figure 2d shows the two-dimensional (2D) conductance vs. displacement histogram constructed from all data 
points.[14] The 2D conductance histogram provides direct access to the evolution of molecular junctions during 
the formation, stretching and break-down steps. In this histogram, the corresponding gold-gold breaking junction 
and additional high-density data cloud around 10-4.5 G0 ≤ G ≤ 10-3.5 G0, cantered on 10-4 G0 are observed. This 
region represents the conductance range of the single NDI-N molecule bridging the gold electrodes. The relative 
displacement (∆z) histograms of the molecular junction evolution upon stretching was constructed by calculating 
the displacement from the relative zero position at 0.7 G0 up to the end of the molecular conductance region of 
every individual trace.[15] Figure 2d inset displays the characteristic displacement histograms of NDI-N with a 
well-defined distribution at ∆z* = (0.90 nm) as a measure of the most-probable plateau lengths of NDI-N 
molecular junctions. As observed, two peaks corresponding to pure tunnelling and molecular junction in figure 2D 
led to a junction formation probability of ~80 %.  
The reversibility of the switching process was also evaluated by continuous conductance switching between 
different charge states. As shown in Figure 3, each conductance histogram are constructed from 1000 individual 
traces, and the applied potential changed per 1000 traces between -0.2 V (NDI-N), -1.05 V (NDI-R), and -1.5 V 
(NDI-D) versus Fc/Fc+, respectively. It is found that the molecule can be switched forward and backward from 
NDI-N via NDI-R to NDI-D state (1st-5000th traces), or switching between NDI-N and NDI-R state (5000th to 
7000th traces). These switching cycles suggest that the three charge states of the NDI molecule can be tuned 
reversibly by changing the applied potential. The break junction experiment returned to the initial NDI-N state 
with still quite pronounced conductance feature (top histogram in Figure 3a) even after more than 7000 stretching 
cycles, and the conductance remain constant for each specific redox states among different switching 
cycles(figure 3b), which suggests a high reversibility and stability of the NDI-BT molecular switch. It should be 
noticed that the conductance peak became slight broader during the measurement, which may be attributed to 
desorption of NDI-BT molecules from the electrodes, especially at NDI-R and NDI-D states. 
 
Figure 3. (a) Conductance histogram constructed from 1000 individual traces in each applied potential (b) Most-probable conductance value 
determined from conductance histograms shown in (a).  
To understand the observed switching mechanism between the three states of electrochemical gating we have 
theoretically investigated the effect of the charge double layer on the conductance. The primary role of the 
charge double layer in our calculations is to control the number of electrons on the NDI-molecule. To perform 
conductance calculations we used the Gollum[16] non-equilibrium Green’s function based quantum transport code 
and the optimal gold-molecule-gold junction geometries and the Hamiltonian matrix elements were obtained with 
SIESTA.[17] Further details of the calculations are in the SI. To accurately describe single occupied levels of the 
NDI all calculations were spin-polarized and the electron transmission coefficient function T(E) is calculated as 
 
 
 
 
the average of the spin up and spin down transmission coefficients. The three stages of gating are modelled with 
the three types of charge double layers (CDLs) shown in Figure 4 and the detailed junction and double layer 
geometries are shown in Figure S10-S12 in the SI. To model the effect of gating, the distance (Y) between the 
double layers and the plane of the molecule is adjusted such that the number of extra electrons on the molecule 
is 0, 1 and 2 for the neutral, radical anion and di-anion stages, respectively. Figure 4a shows a negative charge 
double layer (the negative ions of the double layer lie closer to the plane of the NDI molecule) for which the NDI 
is neutral. Figures 4b and 4c show positive charge double layers that attract electrons from the gold leads to the 
molecule, creating the radical anion and di-anion states.  
 
Figure 4. Junction geometries with charge double layers for the three states of electrochemical gating. (a) The neutral state with negative-
positive CDL that adjusts the molecular charge to zero. (b) and (c) The radical anion and di-anion states with positive-negative CDLs.  
To account for the fluctuating charge double layer structures in the experiments, the transmission coefficient and 
conductance were computed for different charge double layer arrangements, in which the anions and cations 
were randomly arranged at a fixed distance Y. These were then averaged to yield the theoretical conductance G 
and transmission coefficient T(E) shown in figure 5 (further details are in the SI). Figure 5a,b and c show the 
average transmission coefficients for the three states. The conductances, which are computed from the 
transmission coefficients at the Fermi energy using the room temperature Landauer formula, show an increasing 
trend moving from neutral state to the di-anion state. In the case of radical anion state the Fermi energy is 
trapped between two single electron resonances. This is apparent only in the spin-polarized calculation. The non-
spin-polarized calculations give qualitatively different theoretical trends because single occupied orbitals are by 
definition located at the Fermi energy resulting in an unphysical high conductance for the radical state (see figure 
S7 in the SI). Figure 5d illustrates that the electrochemical gating experiment consistently increases the 
conductance as the molecular charge goes from the neutral state to the di-anion state. This trend agrees well 
with the theoretical charge double layer model as Figure 5d illustrates. The theoretical conductance values are 
higher than the measured ones for all three states, which can be attributed to the neglect of environmental and 
thermal effects.[18] DFT is also known to underestimate the HOMO-LUMO gap, resulting in an overestimated 
conductance.[13, 15, 19,20]  
   
 
Figure 5. (a), (b) and (c) show the transmission curves for junction geometries with double layers located at distances y=5Å, y=5.8Å and 
y=4.05Å, respectively. Example junction geometries are shown in Figure 4 (a), (b) and (c). The continuous curves are the averaged 
transmission coefficients and the dotted curves show the transmission coefficients for different charge double layer arrangements. The colour 
code refers to the three different states, NDI-N (black), NDI-R (blue) and NDI-D (red). (d) shows the measured and computed averaged 
conductance values for the three states of the electrochemical gating experiment. The computed conductance values are calculated from the 
averaged transmission coefficient using the finite temperature Landauer formula (eq. 1 in the SI) with the temperature 300K.  
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To conclude, we have studied charge transport through a core substituted NDI single-molecule junctions using 
an STM-BJ technique under electrochemical gating and through ab initio simulations based on density functional 
theory. Benefiting from the wide potential window of the ionic liquid as a supporting electrolyte, we are able to 
access the three conductance states of the NDI molecule. These three conductance states showed well-
separated conductance features with an ON/OFF ratio around one order of magnitude between the most 
conductive NDI-R and the least conductive NDI-N state. The switching process can be manipulated reversibly via 
the applied electrochemical gate potential. Agreement between theory and experiment has been demonstrated 
by introducing a newly developed charge double layer model. The tri-stable charge states of the NDI molecule 
provides a unique opportunity beyond bi-stable ON-OFF molecular switches, and is expected to lead to 
interesting logic gate and memory devices. More importantly, the comparable conductance changes between the 
NDI molecule with pendent diimide units and the molecules with redox units integrated in molecular backbones 
suggest that the pendent redox unit can also provide significant fine tuning of single-molecule conductance as 
internal gate unit of single-molecule device triggered by external stimuli, in this case, electrochemical gate. This 
offers a great flexibility for the molecular design and synthesis for future molecular electronics applications. 
Keywords: single molecule • molecular electronics• naphthalene diimide • break junction• electrochemical gating 
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1. Synthesis and characterization of NDI-BT 
NDI-BT was prepared by Stille-coupling of the respective tin reagent 1 and 2BrNDI 
(dibromo-naphthalene diimide, N–C6H13, see Scheme S1). 2BrNDI was synthesized 
according to the reported procedures.[1] Tin reagent 1was prepared from its corresponding 
arylacetylene 2 and used without strict purification, and compound 2 was synthesized 
according to reported procedures.[2] Other chemicals were purchased from Alfa Aesar, Sigma-
Aldrich and used as received without further purification. 
1H NMR and 13C NMR spectra were determined using tetramethylsilane as internal 
standard at 298 K. Mass spectra were measured in the MALDI-TOF mode. Elemental 
analysis was performed on a standard elemental analyzer. Cyclic voltammetric measurements 
were carried out in a conventional three-electrode cell using a glassy carbon working 
electrode, a Pt counter electrode and a Ag/AgCl(saturated KCl) reference electrode on a 
computer-controlled CHI660C instruments at room temperature; the scan rate was 100 
mV·s−1, and n-Bu4NPF6 (0.1 M) was used as the supporting electrolyte. Solution and thin 
films absorption spectra were measured with conventional spectrophtometers. 
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Scheme S1. The chemical structure of NDI-BT and its synthetic approach. 
 
Synthesis of 1: Under N2 atmosphere, to a THF (20 mL) solution of compound 2 (520 mg, 
3.25 mmol) 2.45 mL of n-BuLi (1.6 M in n-hexane, 3.9 mmol) was added dropwise at -78 oC. 
Then, Bu3SnCl (1 mL, 3.58 mmol) in THF (5 mL) was added to the solution within 30 
minutes. The resulting solution was warmed up to room temperature and stirred overnight. 
The mixture was poured into 20 mL of water and extracted with n-hexane (3×20mL). The 
organic phase was collected, dried with Mg2SO4 and concentrated to afford 1 as a yellow oil 
(1.5 g), which was used for the next step without further purification. 
Synthesis of NDI-BT: A mixture of 2BrNDI (N–C6H13) (100 mg, 0.17 mmol), tin reagent 1 
(225mg, 0.50 mmol) and catalytic amount of Pd(PPh3)4 in toluene (20 mL) was refluxed for 
2.5 hours under nitrogen atmosphere. After the reaction, the solvent was evaporated under 
vacuum and the residue was subjected to silica gel column chromatograph with petroleum 
ether (60–90 oC)/CH2Cl2 (v/v, 1/2) as eluent. NDI-BT was obtained as a purple solid (115 
mg, 0.15 mmol) in 89% yield. 1H NMR (400 MHz, CDCl2CDCl2) δ 8.76 (s, 2H), 7.57 – 7.44 
(m, 4H), 7.26 (d, J = 8.0 Hz, 2H), 4.25 – 4.10 (m, 4H), 3.42 (dd, J = 11.8, 4.3 Hz, 4H), 3.33 
(t, J = 7.7 Hz, 4H), 1.81 – 1.67 (m, 4H), 1.43 – 1.23 (m, 12H), 0.89 (t, J = 6.9 Hz, 6H).13C 
NMR (101 MHz, CDCl3) δ 162.13, 161.63, 145.48, 140.82, 137.19, 132.19, 128.24, 127.11, 
126.46, 125.02, 124.86, 122.29, 118.05, 103.87, 89.96, 41.15, 35.86, 33.67, 31.67, 28.08, 
26.94, 22.75, 14.24.MS (MALDI-TOF): m/z 751.3 (M+1)+. Anal. calcd for C46H42N2O4S2: C, 
73.57; H, 5.64; N, 3.73; S, 8.54. Found: C, 73.42; H, 5.62; N, 3.71; S, 8.12. 
1H NMR and 13C NMR spectra: 
 
 
 
 
 
 
 
 
 
 
 
 
2. Spectroscopic and electrochemical studies of NDI-BT  
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Figure S1. The solution (1.0×10-5 M, in CH2Cl2) and thin film absorption spectra of NDI-
BT. 
 
Figure S2. UV-Vis spectra of NDI-BT neutral, radical, and dianion states in DMF (all 
concentrations are 20 μM). NDI-BT radical and dianion states were obtained by reaction of 
NDI-BT with pure hydrazine, 20 μL for forming radical anion and 80 μL for di-anion. 
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Figure S3. Cyclic voltammogram of NDI-BT in CH2Cl2 solutions (1.0 ×10-3 M)at a scan rate 
of 100mVs-1, using a glassy carbon working electrode, a Pt counter electrode and a Ag/AgCl 
(saturated KCl) reference electrode as the reference electrode, and n-Bu4NPF6 (0.1 M) as 
supporting electrolyte. 
 
Table 1. The absorption data, redox potentials and HOMO/LUMO energies of NDI-BT 
 
λabs,max 
(nm)a E red11/2 
(V) 
E 
red2
1/2 
(V) 
Eoxpeak 
(V) 
LUMOb HOMOb Egcv Egopt c 
solution film 
NDI-
BT 
544 574 -0.46 -0.81 1.49  -4.00 -5.75 eV 
1.75 
eV 
1.83 
eV 
aLowest-energy absorption maxima; bHOMO and LUMO energies of NDI-BT were 
estimated with the following equations: HOMO = -(Eonsetox1 +4.41) eV, LUMO = -(Eonsetred1 
+4.41) eV; ccalculated based on the onset absorption of thin film. 
 
3. Single-molecule break junction experiments 
The Scanning Tunneling Microscopy Break Junction (STMBJ) experiments were performed 
with a Molecular Imaging PicoSPM in an environmental chamber and equipped with a dual 
preamplifier. The current-distance measurements were performed with a lab-build analog 
ramp unit. The current was recorded at a fixed bias potential during repeated formation and 
breaking of the molecular junctions. For further technical details we refer to our previous 
work.[3] 
Au(111) was used as the substrate and the facet was cleaned before the experiments using electrochemical polishing and 
butane flame annealing followed by cooling under Ar atmosphere. Then, the freshly prepared substrate was drop-casted with 
30 µL of 0.5 mM NDI-BT in THF. For the electrochemically controlled STMBJ experiments, single Pt wires were used as 
the counter and quasi-reference electrodes and the gold STM tips prepared with AC etching in a 1:1  (v/v)  mixture  of  30%  
HCl  and  ethanol solution, were coated with polyethylene to ensure that the  electrochemical current on the tip is below1∼2 
pA. Finally, the Kel-F cell was mounted on top of the substrate and the supporting electrolyte (ionic liquid HMlmPF6) was 
added into the cell. The STM images and cyclic voltammograms were recorded frequently during the measurements. The 
latter were used to check the redox peak position and to ensure that there is no oxygen in the system and no drift of the 
reference electrode potential. After assembling the experiment, the tip was approached toward the substrate to fulfill the 
preset tunneling parameters (iT = 100 pA and a bias voltage Vbias = 0.10 V).  
After positioning the tip in the tunneling regime, the STM feedback is switched off and current-distance measurements were 
carried out. For the stretching cycle measurements, the controlling software approaches the STM tip to the drop-casted gold 
surface. The approach was stopped until a predefined upper current limit was reached to the value corresponds to the 
 
 
 
 
formation of several gold-gold contact. After a few ms delay ensuring the formation of stable contacts, the tip was 
withdrawn until a low current limit of ~10 pA was reached. The approaching and withdrawing rates were both 87 nm/s. The 
whole current-distance traces were recorded with a digital oscilloscope (Yokogawa DL 750, 16 bit, 1 MHz sampling 
frequency) in blocks of 186 individual traces. Up to 2000 traces were recorded for each set of experimental conditions to 
guarantee the statistical significance of the results.  
 
4. Theory 
4.1 Computational Method 
To calculate electrical properties for NDI molecule the following method was applied. To 
begin with, the relaxed geometry of each molecule was found using the density functional 
(DFT) code SIESTA [4], which employs Troullier-Martins pseudopotentials to represent the 
potentials of the atomic cores[5], and a local atomic-orbital basis set. In particular, we used the 
customized basis set definitions to investigate the effects on the Mulliken population count in 
SIESTA while using the generalized gradient approximation (GGA-PBE) for the exchange 
and correlation (GGA)[6]. The Hamiltonian and overlap matrix elements are calculated on a 
real-space grid defined by a plane-wave cutoff of 150 Ry. NDI molecule is relaxed into the 
optimum geometry until the forces on the atoms are smaller than 0.02 eV/Å. Tolerance of 
Density Matrix is 10-4 , and in case of the isolated molecules a sufficiently-large unit cell was 
used. For steric and electrostatic reasons. 
After obtaining the relaxed geometry of isolated NDI molecule, we have constructed the 
junction geometries by placing the optimized NDI molecules between gold electrodes. An 
example for the junction geometry is shown in Figure 4. After the NDI molecule is placed 
between the gold electrodes the geometry was again optimized. The optimization were 
performed with the SIESTA code with the same parameters as used for the isolated molecule. 
During the relaxation the gold atoms were fixed and for the gold double-zeta basis set were 
used. The initial distance between S atom (DHBT anchor group) and the centre of the apex 
atom of each gold pyramid was initially 2.4 Å. After geometry optimization the distance 
changed to a final value of 2.63 Å. 
 
The charge double layers are added to both sides of the planar backbone of the molecule in 
the optimized junction geometry as shown in Figures S10-11. The charge double layer is built 
from sodium and chloride ions with fixed 2.23Å distance between the sodium and chloride 
ions. After the charge double layer was added to the optimized junction geometry we 
performed a self-consistent single energy calculation to obtain the optimal electronic 
 
 
 
 
structure and performed electron transport calculation with the obtained Hamiltonian and 
overlap matrices. The charge of the molecule is calculated from the Mulliken population 
computed by SIESTA. To modify the amount of charge on the molecule we varied the charge 
double layer-molecular plane distance, denoted Y, while the distance between the ions within 
the double layer were kept fixed. The distance Y is defined as distance between the plane of 
the molecule and the center of the closest ion. Figure S5 shows the number of electrons (∆N) 
transferred from the NDI molecule to the gold electrodes as a function of distance Y (Å). A 
few cases with different values of Y are illustrated in Figure S12. To account for the effect of 
varying environment this calculation was repeated with randomly constructed double layers. 
The charge double layer is initially constructed as an 2x8 array of sodium ion chloride ion 
pairs and then four pairs were randomly removed from this array to obtain the randomly 
constructed double layer.”. 
 
The electron and spin transport calculations were performed with the GOLLUM 
implementation of non-equilibrium Green’s function (NEGF) method[7] to compute the 
transmission coefficient T(E) for electrons of energy E passing from the left gold electrode to 
the right electrode. GOLLUM is a next-generation code, born out of the SMEAGOL code[8] 
and uses NEGF combined with density functional theory to compute transport properties of a 
wide variety of nanostructures. The precise methodology of computing a non-spin-polarized 
and spin-polarized electron transport over a junction geometry Figure S4 is described in ref7. 
The Hamiltonian and overlap matrices are calculated with SIESTA, using DZP basis sets for 
all elements except gold, for which DZ basis set was used, GGA-PBE exchange-correlation 
parameterization, 0.0001 density-matrix tolerance and 200Ry grid cutoff. The Mulliken 
charges are computed consistently with the same setup. 
 
Once T(E) is computed, we calculate the zero-bias electrical conductance G using the finite 
temperature Landauer formula: 
 
𝐺 = 𝐼/𝑉 = 𝐺0 ∫ 𝑑𝐸∞−∞ 𝑇(𝐸)(−𝑑𝑓(𝐸)𝑑𝐸 )                      (1) 
 
where 𝐺0 = �2𝑒2ℎ � is the quantum of conductance, and 𝑓(𝐸) is Fermi distribution function 
defined as 𝑓(E) = [𝑒(𝐸−𝐸𝐹)/𝑘𝐵T + 1]−1 with T  = 300K room temperature7. In case of spin-
 
 
 
 
polarized calculation T(E) is the spin-averaged transmission coefficients. Figure S9 compares 
the zero and room temperature conductances calculated from the same transmission 
coefficients. Near the resonance peaks the conductance vary with temperature significantly. 
 
 
Figure S4. Optimized configuration of NDI molecule attached to gold electrodes. 
 
 
 
 
 
Figure S5. The number of electrons (∆N) transferred from the NDI molecule to the gold 
electrodes as a function of distance Y (Å) between the molecule and the double layer.  (a) 
shows ∆N when the chloride points towards the NDI, and (b) shows -∆N when the sodium 
points towards the NDI (the online color) A, B, C, D, E and F are different randomly-chosen 
charge double layers. 
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Figure S6. DFT-spin polarized calculations of the logarithm scale of electrical conductance 
of particular configuration of the double layer that show the best comparison between the 
experimental and theoretical results. 
 
 
 
Figure S7.DFT Non-spin-polarized calculations to explain the comparison between the 
experimental and theoretical results, where left shows the logarithm scale of electrical 
conductance of particular configuration, and right shows the logarithm scale of ensemble 
averaged of electrical conductance of randomized configurations. 
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 Figure S8. 
shows (the dotted lines) the  transmission coefficient curves for randomized configurations of 
double layers with non-spin polarization, where the thick lines are the averaged transmission 
coefficient as a function of energy for NDI-molecule attached to the electrodes in the three 
cases: neutral (black) , radical (blue), and dianion (red). 
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Figure S9. Shows the comparison between the room temperature and zero temperature 
conductances for a range of Fermi energies. 
 
 
Figure S10. NDI molecule attached to gold electrodes in the presence of charge double layer 
above and below the molecule.  The positive sodium ion is purple and the negative chloride 
ion is green.  
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Figure S11. shows the geometries on Figure S10 from another orientation to illustrate the 
charge double layer around the backbone of the molecule.  
 
 
 
 
 
 
 
 
 
  
  
Figure S12. Illustrates charge double layer with varying Y distances.   
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